Abstract-This paper presents a collection of frameworks aiming at mapping land cover, land use and estimate population densities from very-high resolution images and relying on open-source software. Using height information and landscape metrics, slums location and extent can be accurately extracted from the rest of the city. Moreover, the processing chain developed can deal with large amount of data and produce useful pieces of geographical information citywide. All the results, methods and computer code are available in open-access for anyone and any purpose.
I. INTRODUCTION Cities in developing countries have been faced with impressive growth rate since last decades [1] . This led to different issues in urban management, including the increase of spontaneous, unplanned and underequipped neighborhoods. Those are usually called "slums" and are typically characterized on remote sensing images by a high density of unorganized low-elevated built-up [2] .
Access to up-to-date and accurate spatial information about slums is an important prerequisite to design and implement effective urban policy. In this context, more and more studies focus on the contribution of remote sensing and GIS data for mapping slums [3] . In addition to the knowledge on the location and extent of slums, several important applications required to have detailed and accurate estimation of population density [4] , such as spatial epidemiology or health and risk assessment. Land cover, land use and population data are unfortunately most often unavailable, not up-to-date or available at coarse spatial resolution that makes them unusable for detailed analysis.
Often, studies limit the area under investigation to slums only, while having a citywide picture is most of the time very useful to study and understand them as connected to the rest of the city [4] . Since developing world cities faced huge urban sprawl, processing the whole extent of a city involves having to manage a large amount of data. It is even more true when using Very High Resolution (VHR) imagery, which is needed when there is a need to characterize slums with enough spatial and thematic details [2] . Also, the use of Unmanned Aerial Vehicle (UAV) images will probably increase in the near future and consequently rise again the amount of data to process.
There is a clear need in the current state-of-the-art for developing a general, scalable and efficient methodological framework [4] . In this article, we present a set of different processing chain dedicated to map land cover, land use and to model population density at VHR ( Fig.1 and Fig. 3 ). Those have been produced in the context of the MAUPP project (http://maupp.ulb.ac.be). The emphasis is put on the use of open-source software, the use of machine learning techniques, on transferability and on the possibility to process large amount of data with as much automation as possible.
II. BIG DATA AND AUTOMATION FOR OBJECT-BASED LAND COVER MAPPING
We developed a semi-automated processing chain for land cover classification from VHR satellite images, using Object-Based Image Analysis (OBIA) [5] . It relies on the image processing capabilities of the open-source software GRASS GIS [6] , which has known major improvements in OBIA during the past years. The chain consists of a Python code implemented in a "Jupyter notebook".
One of the main challenges when looking for automation in OBIA is the segmentation step. Segmentation parameters need to be well-defined since they could dramatically affect the quality of the segmentation itself and further the accuracy of the final map. To meet our needs, we developed a new GRASS GIS add-on, called i.segment.uspo, based on the best-performing state-of-the-art methods [7] for unsupervised segmentation parameter optimization (USPO). Recently, we proved that optimizing the segmentation parameter on a local basis in large and heterogenous urban scene allowed to improve the land cover classification outputs [8] , [9] .
The classification is performed using Random Forest (RF), preceded by a feature selection procedure [10] , but the interested users can quickly adapt the chain to use another machine learning classifier. For the classification of Ouagadougou (Fig. 1 ), 93% and 84% overall accuracy was achieved for 5 and 11 classes respectively, using optical imagery (VIS+NIR) and stereo nDSM product. The entire city of Ouagadougou (615km²) was processed at a spatial resolution of 0.5m. To further enhance the quality of the product, rule-based post-classification was also performed to remove small classification artifacts, shadows and differentiate buildings between high-elevated and lowelevated (Fig. 2) . The processing chain is regularly improved and adapted to match the requirement of different research projects. It proved its capability in terms of transferability [5] , [11] , both for intra-scene and inter-scene issues [4] , and has been successfully applied on several African cities and European cities [5] , [12] , as long as training samples are collected for each specific dataset. In addition, GRASS GIS allow for intensive parallelization of the processes, especially for the segmentation optimization procedure. This allows the chain to handle large VHR images without crashing and with reduced processing time. It could be used on a highperformance computing system to distribute the work on hundreds of different nodes. In this regard, a comparison with eCognition® rule-based classification highlighted the flexibility of the open-source framework in terms of perspective for further developments [13] .
III. DERIVING LAND USE FROM LAND COVER AT CITY BLOCK LEVEL
Land use information is probably the most important information that is needed when designing and implementing urban policies, but deriving land use information from remote sensing images still remain a challenge. Strategies for mapping land use often rely on existing ancillary data such as cadastral of street blocks geometries, amenities, infrastructure, retail information… Unfortunately, these ancillary data usually not exist in poor developing countries. For that reason, we developed a semi-automated framework for the classification of land use at street block level [14] , that take advantage of the land cover map previously produced. Firstly, the OpenStreetMap (OSM) data are used as input for automatic creation of the street block geometries using PostGIS (visible on Fig. 3 A) , allowing thus to be used on case studies where these important pieces of information are lacking. Secondly, GRASS GIS is used to compute spatial metrics, also known as landscape metrics and popularized through the FRAGSTAT software [15] . Those metrics allow to characterize and differentiate street blocks according to the composition and spatial organization of the land cover classes they contain. Common features that can be computed are, e.g., the diversity of land cover classes (composition), classes' patch density (organization), mean patch size... Finally, training samples are collected and fed to a supervised classification algorithm (RF), enabling for prediction of the land use citywide.
Street blocks were initially classified using RF in order to differentiate 5 classes: "Vegetation", "Bare/open land", "Administrative commercial or services", "Plan residential" and "Unplanned residential", achieving achieved 84% of overall accuracy. Then, the characterization of the residential blocks was refined based on the built-up density (computed based on the land cover map) to separate unplanned low density built-up from slums. This approach achieved to differentiate planned residential neighborhoods from slums and which are clearly visible in Fig. 3 B. The results revealed that the ability to distinguish high-elevated and low-elevated building classes during the land cover classification was determinant in order to discriminate the different land use classes. Another limitation of this approach is the required completeness of OSM data for extracting meaningful block geometries, which can be insufficient for some locations.
IV. MODELING POPULATION DENSITIES AT 100M SPATIAL RESOLUTION
Once land cover and land use maps have been derived from remote sensing data, there is a great opportunity to use this information to model intra-urban population densities.
There are two main approaches in modeling population densities, i.e., bottom-up and top-down. The top-down approach [16] relies on existing data available at some administrative unit level. It consists of the reallocation the population count in each administrative unit according to ancillary information such as built-up density. It is this approach that is developed in WorldPop project [17] and that potential is demonstrated on Fig. 4 . Random Forest model is fitted on the level of the finest administrative unit available, with population density as response variable. Covariates used are the proportion of each land cover and land use classes. The model run on Ouagadougou 55 units and achieved an out-of-bag error of 0.26. The model is then used to predict weights on 100m*100m grid cells used to disaggregate the population count known at the administrative unit level. This result in an estimation of the intra-unit spatial distribution of the population, as illustrated on Fig.4 . Due to the limited number of administrative units available, a validation using an external data set was not possible here.
Top-down dasymetric approach, such as presented here, is completely depending on the availability of up-to-date and reliable population data. In absence of any official census data, a bottom-up approach can be used to provide population estimates from micro-census survey and land cover and land use information [18] . The frameworks allowing the map land cover and land use information for large area could be leveraged also in this population modeling strategy. 
V. OPEN-SOURCE AND OPEN-ACCESS POLICY
The MAUPP project aims at providing land cover, land use and population estimation map products. Besides, computer codes, relying on open-source solutions, are getting accessible in open-access and are freely reusable and adaptable to match the requirement of another project. Link to code and dataset repositories are referenced in [5] , [14] .
VI. CONCLUSION
In this paper we present a collection of frameworks used to produce land cover and land use maps and fine-scaled population densities estimate at city-scale level. Since the capability of the presented method is highly depending on the availability of height information in the processing, further research is needed to assess to loss of classification accuracy when such essential information is not available.
